A B S T R A C T Aortae from three patients with classic presentation of Marfan syndrome, who died of vascular complications, were subjected to biochemical analyses of the connective tissue; for comparison, aortae from eight age-matched controls, without evidence of connective tissue abnormalities, were examined. Elastin was prepared from the aortae by two techniques. First, the tissues were extracted with 5 M guanidine-HCI, bacterial collagenase digestion and reduction with dithiothreitol (elastin I preparation). Secondly, this material was further purified by extraction with 0.1 M NaOH at 99°C (elastin II preparation). Amino acid analyses of both elastin preparations indicated that the values for desmosine and isodesmosine were reduced in Marfan cases to approximately onehalf of the control values. A corresponding increase in lysyl residues was noted in elastin II preparations. Also, the concentration of elastin per milligram dry weight of tissue was reduced in Marfan cases. The hydroxyproline content of elastin was increased in two cases with the Marfan syndrome. Recoveries indicated that the alkali treatment solubilized 46.2% of the elastin I preparations in Marfan aortae compared with 23.7% in controls. In contrast to elastin, the concentration and solubility of collagen were unchanged; the amino acid composition and the genetic types of insoluble collagen isolated by limited pepsin proteolysis were the same in both Marfan and control aortae. The results of our study demonstrate that the cross-linking of aortic elastin is reduced in the three patients with A preliminary report of this study was given at the 66th
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Previous biochemical studies have suggested collagen aberrations, including abnormal cross-linking (3), increased solubility (4-6), elevated urinary excretion of hydroxyproline (7) , and accelerated collagen synthesis and turnover (8) . Also, in one isolated case, an abnormality in the a2 (I)-chain of type I collagen has been reported (9, 10) . Histopathologic and ultrastructural observations have indicated, however, that the major pathologic feature of the aorta in Marfan syndrome resides in the elastic tissues (11) tery and the descending thoracic and abdominal aorta were revealed a month later. It was elected to treat him medically, but -2 yr later increased chest pain and a murmur of aortic insufficiency required surgical intervention. A Dacron graft was placed within the aorta below the earlier anastomosis. The patient, however, died from surgical complications. Autopsy showed a markedly dilated ascending aorta (10-cm circumference). A 2 X 2-cm dissecting aneurysm of the proximal left subclavian artery had two ostia into the lumen. The dissection continued throughout the abdominal aorta to its bifurcation and was connected by four small ostia to the lumen of the aorta. The left renal artery opened directly from the aneurysm. Microscopic examination of the aortic tissues showed stretching of medial elastic fibers and deposition of amorphous metachromatic extracellular material.
Patient 3. This 36-yr-old male, who was 194 cm tall, had severe kyphoscoliosis. He had undergone bilateral cataract extractions at age 9, bilateral inguinal herniorraphy at age 22 and had suffered a right retinal detachment at age 32. When this was repaired in 1973, a diagnosis of the Marfan syndrome was first made. He had a family history strongly suggestive of the Marfan syndrome. His father (182 cm tall) had died of unknown cause at age 35; a sister (188 cm tall) had died of a "heart attack" at age 34; another sister and a brother (188 cm tall) were blind; this sister had seven children, two of whom had very poor vision. 1 yr after the initial diagnosis of the Marfan syndrome the patient had bouts of supraventricular and ventricular arrythmias and hypertension. Cardiac catheterization showed ascending aortic dilatation and aortic insufficiency, and there was evidence of aortic dissection. He was admitted for aortic valve replacement and a dissection of the ascending aorta was discovered and resected. A Dacron graft was placed from 2.5 cm above the aortic root to the proximal edge of the innominate artery ostium. Massive bleeding, however, followed immediately after the surgery and the patient died a short time later. Autopsy showed extension of the sutured aortic perforation with hemopericardium and there was a 4-mm extension of the aortic tear. Microscopic examination of the aorta and left common carotid artery showed disruption of the elastic laminae and small cystlike collections of extracellular matrix.
Preparation of tissues
The outline for preparing collagen and elastin from aortae is shown in Fig. 2 . First, 4-mm punch biopsies were taken from random sites through the intima and media of frozen aortae taking care to avoid any atherosclerotic plaques. The aortae were then weighed, homogenized with a Polytron tissue homogenizer in 0.05 M Tris-HCI buffer, pH 7.5, containing 1.0 M NaCl, 20 mM Na2EDTA, 5 mM N-ethyl-maleimide (NEM), 1 mM phenylmethylsulfonyl fluoride (PMSF) and 50 mM E-aminocaproic acid, at 4°C. The homogenate was extracted for 18 h and then centrifuged at 27,000 g for 60 min. Aliquots of the supernatant were taken for assay of soluble protein, hydroxyproline, and uronic acid (see below).
The rest of the supernatant was adjusted to 4.4 M NaCl to precipitate collagenous polypeptides. After centrifugation, part of the precipitate was dialyzed against 0.5 M acetic acid at 40C, and digested with pepsin (300 gg/ml) for 3 h at 25°C. Another part of the precipitate was dialyzed vs. 0.15 M NaCl, 5 mM CaCl2, and 50 mM Tris-HCl, pH 7.6, and digested with highly purified collagenase (Sigma type VI, Sigma Chemical Co., St. Louis, MO) for 3 h and 25°C. The enzyme digests and an undigested sample of the precipitate were heated at 100°C for 5 min in the presence of 10% sodium dodecyl sulfate (SDS) and 4 M urea and analyzed by SDS-polyacrylamide slab gel electrophoresis using 8% gels (14) . The supernatant of the 4.4 NI NaCl precipitation was adjusted to 60% saturation of ammonium sulfate (390 mg/ml). After 18 h precipitation at 40C, the samples were centrifuged at 27,000 g for 60 min and the precipitate was dialyzed against 0.1 M ammonium formate containing the protease inhibitors indicated above. A mixture of propanol and bhtanol (1.5:2.5, vol/vol) was added dropwise at 40C (15) . The samples were centrifuged, and the supernatants were evaporated and prepared for SDS-polvacrylamide gel electrophoresis, as above. The proteins were stained vith Coomassie Brilliant Blue and their mobilities wvere compared with that of 72,000-D tropoelastin prepared from aorta of copper-deficient pigs.
For analyses of collagen, the insoluble residue, after extraction wvith 1.0 M NaCI, was digested with pancreatic elastase at a 1:100 enzyme to substrate ratio, at 37°C for 20 h (16). The sample was centrifuged at 27,000g for 60 min, and the pellet was redigested with elastase. After recentrifugation, the pellet was vashed with 0.15 M NaCI, 50 mM Tris-IlCl, pl' 7.5, and resuspended in 0.5 M acetic acid.
After dialysis against the same buffer, an aliquot was prepared for amino acid analysis (see below was subjected to digestion with pepsin (17) . The solubilized collagen was examined by SDS-polyacrylamide gel electrophoresis with and without reduction with 2-mercaptoethanol. Part of the solubilized collagen was also fractionated into genetically distinct types using 1.7, 2.6, 3.6, and 4.4 M NaCl concentrations at neutral pH (18) .
For preparation of elastin, the 1 M NaCl insoluble residue was extracted with 0.1 M Tris-HCl, pH 7.4, containing 5 M guanidine-HCl, for 18 h at 4°C. The extraction was repeated 10 times, and the insoluble residue was further extracted 2 times with 0.1 M Tris-HCl, 50 mM dithiothreitol, and 0.1% Na2EDTA. The final residue was digested with bacterial collagenase, at a 1:100 enzyme/substrate ratio, in 50 mM Tris-HCI, pH 7.5, containing 0.15 M NaCl and 10 mM CaC12, at 37°C for 24 h. The collagenase-resistant material was washed twice with 5 M guanidine-HCl; this material is referred to as elastin I preparation. This preparation was further subjected to extraction with 0.1 M NaOH at 99°C for 40 min (20) . The extraction was repeated three times; this material is referred to as elastin II preparation. Both elastin I and elastin II preparations were dialyzed against distilled water, lyophilized, and subjected to amino acid analyses.
Assay procedures
Hydroxyproline was determined by a specific colorimetric assay according to Kivirikko et al. (21) . Uronic acid was assayed by the method of Bitter and Muir (22) , and proteins were determined according to Lowry et al. (23) . SDS-polyacrylamide gel electrophoresis was carried out as outlined by Laemmli (14) , and in some cases a delayed reduction of disulfide bonds by 2-mercaptoethanol was used (24) . Amino acid analyses were performed on a Beckman 119 CL amino acid analyzer (Beckman Instruments, Inc., Fullerton, CA).
Calculations
The concentrations of elastin in the aortae were calculated on the basis of desmosine determinations (25) . Specifically, the number of micromoles desmosine per microgram dry weight of aorta was divided by the same value obtained for elastin I preparation in the same aortic specimen, as indicated above.
The concentrations of collagen in the aortae were calculated from the hydroxyproline analyses of the tissue. The amount of hydroxyproline in elastin, as determined by amino acid analyses, was first subtracted from the total hydroxyproline values. The concentration of collagen was then obtained by multiplying the hydroxyproline values by a factor of 8.2.
The statistical calculations were performed using Student's t test.
RESULTS
The aortae from three patients with definitive Marfan syndrome and from a total of eight age-matched con trols were subjected to biochemical analyses. First, solubilities of total protein, collagen (measured as hydroxyproline), and proteoglycans (measured as uronic acid) were determined; no differences in these parameters were noted. Specifically, the concentration of soluble proteins in two Marfan patients was 6.8 and 10.2 mg/100 mg dry weight of aorta, as compared with 6.4±0.8 (mean±SD) in seven controls. The amount of collagen solubilized by 1 M NaCl in three patients with Marfan syndrome was 1.06±0.42% of the total collagen, as compared with 0.96±0.18% in eight controls. The concentration of extractable uronic acid was 0.92 and 0.89 mg/g dry weight of aorta in two patients, as compared with 1.10±0.37 in seven controls. Further analyses of the 1 M NaCl soluble collagen by SDS-polyacrylamide gel electrophoresis, with and without reduction of the disulfide bonds, revealed only type I collagen, and there was no evidence of collagen precursor forms. Furthermore, the propanol-butanol extraction, followed by polyacrylamide gel electrophoresis, of the 1 M NaCI soluble fraction did not reveal any 72,000-D tropoelastin.
The insoluble residue from the 1 M NaCl extraction was subjected to several different isolation procedures (Fig. 2) . First, elastin was prepared by successive steps including extractions in 5 M guanidine-HCl, digestion with bacterial collagenase, and disulfide bond reduction by dithiothreitol (elastin I; Methods). Amino acid analyses of elastin I preparations indicated that the contents of desmosine and isodesmosine were low in all three patients with the Marfan syndrome ( Table  I ). The content of hydroxyproline was exceptionally high in two patients with Marfan syndrome (cases 1 and 3), while the value for the third case (case 2) was within the limits of control values (Table I ). In general, the content of acidic amino acids tended to be elevated in elastin I prepared from Marfan aortae, as compared with controls.
The elastin I preparations were further subjected to extraction with 0.1 M NaOH at 99°C for 40 min. This procedure solubilized an average of 46.2% of the elastin I preparation in the Marfan samples, while in the controls only 23 .7% was solubilized. Amino acid analyses of the final insoluble residue, elastin II, still dem- The values are expressed as residues/1,000. (Table I) . It should be noted that neither elastin I nor elastin II preparations contained hydroxylysine or methionine, indicating that they were not contaminated by collagen. In further studies, collagen was isolated from the 1 M NaCI-insoluble material by digestion with pancreatic elastase (Fig. 2) . The purified collagen was sol- (Methods) . Similarly, on the basis of hydroxyproline assay, the total content of collagen in aorta was calculated; the amount of hydroxyproline in elastin was taken into account in these calculations. The results indicated that the content of elastin was markedly reduced in the Marfan aortae as compared with controls, while the relative contents of collagen were unchanged (Fig. 3) . DISCUSSION In this study, we have demonstrated that the content of elastin in the aorta of three patients with definitive Marfan syndrome is reduced and that the elastin isolated from these tissues is deficient in desmosine crosslinks. These findings correlate well with the histopathologic changes observed in aorta in the same patients, demonstrating fragmentation and loss of elastic fibers (Fig. 1) . In other studies, the patients with Marfan syndrome have been shown to excrete consistently less desmosine in their urine than do the age-matched controls (12) . Since the urinary desmosine levels reflect the overall turnover of cross-linked elastin (26), these observations suggest that aorta and possibly other tissues in Marfan syndrome patients may be deficient in elastic fibers. Furthermore, insoluble elastin isolated from aortae of patients with the Marfan syndrome has been found to be more susceptible to pancreatic elastase digestion as compared with control elastin obtained from normal arterial wall (13) . In the same study, elastase-type activity was elevated in aortic tissue from one patient with the Marfan syndrome. This observation suggested that increased elastase activity might contribute to the weakening of the aortic wall.
The reasons for reduced desmosine content and loss of elastin in Marfan aorta, as demonstrated in our study, are not clear at this point. Desmosine, and its isomer, isodesmosine, are cross-link compounds not present in other mammalian proteins (27) . The formation of desmosines involves several steps: First, selected lysyl residues are oxidatively deaminated by lysyl oxidase, a copper-requiring enzyme (28, 29) . Subsequently, three aldehyde derivatives of lysine, allysines, fuse with a fourth unmodified lysyl residue to form the desmosine ring. The formation of desmosines is thus dependent on the activity of lysyl oxidase as well as on precise folding and alignment of the elastin polypeptides to bring the individual lysine residues into juxtaposition with one another. Previous investigators have demonstrated normal lysyl oxidase activity in skin fibroblast cultures derived from patients with the Marfan syndrome (30) , but no information is available on the activity of this enzyme in Marfan aortae. Thus, it is unknown whether reduced lysyl oxidase activity might contribute to the reduced desmosine concentration in these patients. It should be noted that the increased lysine content in Marfan cases relative to the controls, in elastin II preparations, could account for the reduction in desmosine and isodesmosine. Thus, it is possible that the cross-linking defect is a result of deficient oxidation of lysyl residues. On the other hand, it may be that the reduced desmosine content reflects misalignment of allysine and lysine residues due to altered conformation of elastin. Such an alteration could result, for example, from a change in the primary structure of the polypeptides. This possibility would be compatible with autosomal dominant inheritance patterns noted in the patients with this syndrome. Alternatively, the abnormal conformation of elastin could reflect altered interactions between this protein and other components of the aortic wall. Such interactions could occur, for example, between elastin and the microfibrillar protein component of the elastic fibers. The increased contents of acidic amino acids in Marfan cases in elastin preparations may reflect unusually tight binding of these two macromolecular components.
Of considerable interest was the observation that the content of 4-hydroxyproline in elastin was increased in two patients with Marfan syndrome, as compared with the controls. The functional role of 4-hydroxyproline in elastin, if any, is currently unknown. Several observations with isolated cells or tissues have shown that the relative content of hydroxyproline in elastin can be highly variable without a significant effect on the intracellular synthesis or secretion of the elastin polypeptides (31, 32) . It can be postulated, however, that in the extracellular space the hydroxyproline residues may interfere with alignment of the polypeptides during elastin fiber formation. Such a mechanism could cause deficient desmosine formation as a result of displacement of critical lysyl residues or could interfere with stabilization of cross-link intermediates during desmosine formation.
Previous studies have demonstrated definite changes in collagen in patients with Marfan syndrome. In some patients, the solubility of collagen in skin and in skin fibroblast cultures has been shown to be increased (4) (5) (6) , suggesting deficient cross-linking. In addition, chemically stable intermolecular cross-links of collagen were present in reduced quantities in several patients with the Marfan syndrome (3) . In addition to these observations, an abnormal a2-chain of type I collagen has been demonstrated in an isolated case with clinical features of Marfan syndrome but no family history (9) . Also, in another patient, an insufficient synthesis of type I collagen was suggested to be the prime cause of the connective tissue disorder (8) . In our study, the quantity as well as the extractability of aortic collagen under nondenaturing conditions was unchanged, and no abnormality in the a-chain composition of type I collagen was noted. It appears, therefore, that the Marfan syndrome may comprise a heterogeneous group of patients with diverse underlying molecular defects affecting either collagen, elastin, or other components of the extracellular matrix.
